More than 30 years ago, the first molecular structures of allergens were elucidated and defined recombinant allergens became available. We review the state of the art regarding molecular AIT with the goal to understand why progress in this field has been slow, although there is huge potential for treatment and allergen-specific prevention.
INTRODUCTION
Immunoglobulin E (IgE)-associated allergy is the most common immunologically mediated hypersensitivity disease world-wide [1 & , 2, 3] . The analysis of the development of IgE sensitization to allergens in birth cohorts has made major progress through the use of micro-arrayed allergen molecules, which allow studying the development of IgE sensitization in childhood towards a large number of allergen molecules [4-8,9 && ]. There are two major approaches for the treatment of allergy. One possibility is based on the reduction of allergic inflammation by pharmacotherapy and/or biologics [10, 11] . Major disadvantages of symptomatic treatments are that the effects of treatment are gone immediately after discontinuation of therapy, that there is no beneficial disease-modifying effect, the clinical efficacy is lower than that of allergen-specific immunotherapy (AIT) and the costs for biologics are extremely high [12] . The second approach for treatment is based on allergen-specific forms of intervention. This approach requires the identification of the disease-causing allergens as rational basis for allergen avoidance strategies as well as for prescription of the correct AIT [13] . The need for detailed diagnosis may be a NRC Institute of Immunology FMBA of Russia, Moscow, Russia, b considered as a disadvantage of allergen-specific treatment but has been greatly facilitated by molecular allergy diagnosis [4, 14, 15, 16 
Major advantages of AIT are that the treatment is relatively inexpensive, it is highly effective if performed with high-quality allergens, treatment effects are longlasting after discontinuation if the treatment was performed for more than 2 years and AIT has disease-modifying effects preventing the progression from mild-to-severe manifestations [12, 18] . Importantly, allergen-specific forms of intervention may be also used for the prevention of allergic sensitization [19] [20] [21] [22] .
URGENT NEED FOR MOLECULAR FORMS OF ALLERGEN-SPECIFIC IMMUNOTHERAPY
AIT is based on the administration of the diseasecausing allergens with the goal to induce a protective immune response [23, 24] . Unfortunately, it is almost impossible to manufacture allergy vaccines based on natural allergen extracts, which fulfill the requirements of regulatory authorities regarding production according to Good Manufacturing Practice (GMP) and only for few allergen extract-based AIT vaccines clinical efficacy has been documented according to Good Clinical Practice (GCP) guidelines in large double-blind, placebo-controlled clinical trials [25] . Currently, only few allergen extractbased AIT vaccines fulfill the requirements of regulatory authorities. In this context, we would like to mention studies, which demonstrate that peanut allergen extracts, which are used for oral and epicutaneous immunotherapy induce only an incomplete IgG response against certain peanut allergens potentially leaving a considerable subset of patients untreated [ ]. Absence of immunologically active (i.e. immunogenic) allergens from natural allergen extracts is one major problem of extract-based AIT vaccines but also side effects because of allergenic activity of the extracts and inconvenient administration schedules involving multiple applications are important problems of extract-based AIT [31] . Thus, the quality of allergen extracts is a major bottleneck for the improvement of AIT which can only be overcome by the application of recombinant technologies and molecular approaches [25] .
WHAT MOLECULAR ALLERGEN-SPECIFIC IMMUNOTHERAPY FORMS CAN BE REALIZED?
More than 30 years ago, the first allergen-encoding DNAs were isolated [32] . Since then, several forms of molecular AIT have been developed (Fig. 1) . They include the production of wild type recombinant allergens, which resemble all of the properties of the corresponding natural allergens, the synthesis of peptides containing allergen-derived T-cell epitopes without IgE reactivity, the use of allergen-encoding nucleic acids, and recombinant and synthetic hypoallergens, which exhibit strongly reduced IgE-binding capacity and allergenic activity but at the same time contain allergen-specific T-cell epitopes (i.e. long synthetic peptides, recombinant hypoallergenic allergen derivatives) or instead of allergenspecific T-cell epitopes, they contain carrier elements providing T-cell help (e.g. Peptide carrierbased B-cell epitopes). Patient-tailored AIT based on the individual sensitization profiles of patients is possible in principle. However, according to current guidelines, safety and clinical efficacy would need to be demonstrated for each of the molecules separately and their possible combinations, which makes such an approach impossible. Therefore, molecular AIT vaccines will have to cover a panel of clinically relevant allergen molecules for a given allergen source. molecular AIT approach because it would be a logic first step to replace allergen extracts with defined recombinant allergen molecules, which have the same properties as the natural allergens. In fact, recombinant wildtype allergens contain the IgE and T-cell epitopes of the natural allergens and can be used to induce blocking allergen-specific IgG antibodies by immunization and eventually T-cell tolerance. Their disadvantage is that they induce immediate and late phase side effects in the same way as the natural allergens (Table 1) . This may have been the reason why research groups and companies have focused on hypoallergenic molecular AIT approaches instead of replacing allergen extracts with defined allergen molecules. In fact, only two companies have tried evaluating molecular AIT vaccines based on recombinant wildtype allergens. The German company Allergopharma was the first to study subcutaneous AIT (SCIT) with a mix of the major timothy grass pollen allergens [33] . They continued the clinical evaluation by conducting safety studies [34] and went even on to a phase III study ( Table 2 ). The vaccines were well tolerated, induced allergen-specific IgG-blocking antibodies, reduced skin reactivity in the patients and exhibited clinical efficacy. However, no product has been registered up to now. Possible reasons for this may have been that it was difficult to produce a vaccine containing five different recombinant proteins according to GMP and it is possible that the phase III study had enrolled not enough patients to reach the clinical endpoints. The French company Stallergenes was the second company to evaluate a recombinant wildtype AIT vaccine based on recombinant Bet v 1, the major birch pollen allergen. They conducted a double-blind, placebo-controlled randomized multicenter clinical SCIT trial in which natural birch pollen extract, purified natural Bet v 1 and rBet v 1 were compared in two treatment years [35] . So far this trial was the only head-to-head comparison between crude extract-based and molecular AIT. It showed that treatment with rBet v 1 was clinically as effective as treatment with birch pollen extract or natural Bet v 1. However, this study was not performed to obtain a registered SCIT based on rBet v 1 but to show the equivalence of rBet v 1 with birch pollen extract for the consecutive development of a sublingual tablet-based AIT (SLIT) vaccine based on rBet v 1. Unfortunately, the development of SLIT with rBet v 1 has not yet led to a registered product presumably because sublingually applied Bet v 1 can induce oral allergy syndrome and side effects may have been a hurdle for the registration of a high-dose SLIT treatment for birch pollen allergy ( Allergen-encoding DNA Nucleic acid-based strategies DNA mRNA FIGURE 1. Overview of molecular strategies for AIT. Based on the identification of the allergen-encoding DNAs it is possible to deduce the amino acid sequences for allergens and to engineer recombinant allergens equaling the natural wildtype allergens and various forms of allergen-derivatives with reduced allergenic activity such as recombinant hypoallergens and synthetic allergen-derived peptides. study had shown that rBet v 1-based SCIT is well tolerated, induces blocking IgG antibodies and was clinically effective. There has been also a small academic trial using rMal d 1, the major apple allergen for SLIT [37 & ] but no other recombinant wildtype allergens have been evaluated in clinical trial, although several recombinant candidate molecules have been produced and characterized extensively in preclinical research, such as Fel d 1 (cat allergy) [38] , Amb a 1 (ragweed pollen allergy) [39] , Ole e 1 (olive pollen allergy) [ 
Allergen-specific immunotherapy with synthetic peptides
The idea of using T-cell epitope-containing allergen peptides for AIT originally has been pursued by ImmuLogic Pharmaceutical Corp. a company, which had been located in Waltham, Massachusetts and was founded in 1987. Scientists from ImmuLogic were among the first to isolate allergen-encoding DNA and succeeded to clone the major cat allergen, Fel d 1 and the major ragweed allergen, Amb a 1 [49, 50] . The T-cell peptide concept was based on studies carried out in mice showing that peripheral T cell tolerance against the major cat allergen, Fel d 1 could be induced by injection of T-cell epitope-containing short peptides [51] . As the T-cell epitope-containing peptides were short and lacked IgE reactivity, it was expected that the treatment would not induce immediate allergic side effects but induce T-cell tolerance, which was hoped to have effects on allergen-specific IgE production (Table 1) . Interestingly, T-cell peptide-based AIT for cat allergy was the first to enter clinical studies, which were conducted soon after the cloning of the major cat allergen [52] [53] [54] . However, it turned out that the treatment was clinically not effective and treated patients did not develop allergen-specific IgG antibodies because the peptides were too short to induce allergen-specific IgG responses. ImmunoLogic was then closed in 1999. Despite the disappointing clinical study results, the T-cell epitope peptide approach was continued. Again Tcell peptide treatment did not induce robust allergen-specific IgG production and clinical effects were observed mainly regarding late-phase allergic symptoms in exposure chamber studies whereas it remained unclear if the treatment had strong effects on immediate symptoms because of mast cell and basophil degranulation [55] [56] [57] . The T-cell peptide approach was pursued by the company Circassia to a large phase III field study for cat allergy but the study was not successful, although more than 1000 patients were included (Table 2) .
Also another company, Anergis based in Switzerland, used allergen-derived synthetic peptides (Tables 1 and 2 ). In contrast to the Circassia approach, Anergis used longer peptides, which were adjuvanted using aluminum hydroxide. Interestingly, the longer adjuvanted peptides, termed contiguous overlapping peptides, induced allergenspecific IgG antibodies and showed clinical efficacy even in field trials (Table 2) [58, 59, 60 & ]. This AIT approach was thus very similar to the treatment with hypoallergenic recombinant Bet v 1 fragments, which had induced allergen-specific IgG blocking antibodies and had shown beneficial clinical effects [61] . However, when analyzing the results obtained with the adjuvanted recombinant Bet v 1 fragments, it became clear that the induction of allergen-specific IgG antibodies is important for clinical efficacy. This assumption is also supported by the fact, that passive vaccination with allergen-specific IgGblocking antibodies was effective in reducing allergic symptoms in a clinical trial [62 && ].
Allergen-specific immunotherapy with nucleic acid-based strategies
The concept of using allergen-encoding nucleic acids for AIT goes back to two studies, which demonstrated in murine models that immunization with allergen-encoding DNA induced allergen-specific Th1 responses and reduced allergen-specific IgE production [63, 64] . DNA vaccination for AIT was then developed by the company Dynavax but concerns arose when experimental animal studies showed that DNA vaccination can lead to uncontrolled allergen transcription in different tissues [65] . The development of DNA vaccines for AIT was, therefore, not further pursued by Dynavax and instead the company focused on conjugating immunomodulatory DNA (CpG) sequences to allergens with the goal to obtain conjugates with reduced allergenic activity and Th1-inducing properties [66] . The latter concept of using CpG-conjugated allergen for AIT was then moved into clinical trials. It could be shown that CpG-conjugated major ragweed allergen, Amb a 1, induced allergen-specific IgG responses, had clinical effects and reduced boosting of allergen-specific IgE production caused by seasonal allergen exposure [67] . However, consecutive clinical trials were not as successful and it seems that the chemical coupling of CpG motifs to the allergens was technically challenging. This approach was, therefore, not further pursued.
Instead it was tried to use CpG motifs without added allergen for unspecific immunomodulation. In order to reduce the risk of uncontrolled synthesis of allergen-encoding DNA in tissues, other research groups have developed concepts for genetic AIT based on mRNA vaccination [68] . However, up to now, there are only few clinical phase I studies performed with DNA-based AIT from which no conclusions can be drawn if DNA-based AIT induces a protective allergen-specific immune response and regarding possible clinical effects ( 
Allergen-specific immunotherapy with recombinant hypoallergenic allergens or peptides capable of inducing IgG responses
The term 'recombinant hypoallergenic allergen derivatives' describes recombinant molecules, which are based on modifications of the sequence of the wildtype allergens with the goal to reduce IgE reactivity and/or allergenic activity ( Fig. 1 and Table 1 ) [71] . The approach of synthetizing long immunogenic allergen peptides by peptide chemistry as exemplified by the contiguous long overlapping peptides was originally thought to be used for targeting T cells similar as the short T-cell epitope-containing allergen peptides described before until it was found that immunization with such long adjuvanted peptides can induce protective allergen-specific IgG antibodies [58, [72] [73] [74] . The contiguous long overlapping Bet v 1 peptides (Tables 1 and 2 ) [59,60 & ] thus function according to the same principle as the recombinant Bet v 1 fragments, which have been described much earlier [75, 76] and which was in fact the first recombinant-based AIT form, which has been evaluated in clinical trials in allergic patients together with a recombinant hypoallergenic Bet v 1 trimer [61] . The common feature of all these first generation hypoallergenic allergen derivatives is that they induce upon immunization allergen-specific IgG responses in the patient, which compete with IgE binding and thus, depending on the titers and specificities of the blocking IgG response, reduce IgEmediated mast cell and basophil degranulation, and thus immediate allergic symptoms as well as IgEfacilitated allergen presentation and thus T-cell activation and late-phase allergic responses. Furthermore, treatment may reduce allergen-specific IgE production boosted by allergen contact and thus may reduce allergen-specific IgE levels. Recombinant hypoallergenic allergen derivatives have been evaluated in clinical trials for the treatment of respiratory and food allergy quite successfully showing good safety, immunogenicity and beneficial clinical effects (Table 2) [61, [77] [78] [79] [80] [81] [82] [83] [84] [85] . A folding variant of the recombinant birch pollen allergen, Bet v 1, obtained by chemical denaturation of the rBet v 1 molecule was successfully evaluated in clinical trials up to phase III (Table 2) [77, 78] . However, it turned out that the chemical modification process developed for the rBet v 1 molecule was not suitable for large scale production. A recombinant mutant developed for the major fish allergen parvalbumin was evaluated in phase II clinical trials of the European Union project FAST showing good safety and immunogenicity (Table 2 ) [82] [83] [84] [85] . However, presumably because of low number of patients with clinically relevant fish allergy, clinical effects in the studies were modest and the approach was not further developed. Thus SCIT with recombinant hypoallergens induces protective allergen-specific IgG blocking antibodies and shows clinical efficacy and is suitable for the development of recombinant AIT vaccines. Moreover, it seems that one can build up high levels of allergen-specific IgGantibodies with much fewer injections of recombinant hypoallergenic allergen derivatives as compared with recombinant wildtype allergen because of their reduced allergenic activity, which allows administering higher doses as compared with wildtype allergens already in the built-up phase of AIT. However, the first generation recombinant hypoallergenic allergen derivatives were constructed to maintain allergenspecific T-cell epitopes and it turned out that they still could induce late-phase side effects in the patients [86] . Studies investigating the underlying mechanisms indicated that non-IgE-reactive allergen derivatives containing T-cell epitopes can induce non-IgE-mediated but T-cell-dependent and MHCdependent late phase allergic inflammation [87] [88] [89] . In order to reduce also the T-cell-mediated latephase side effects, second generation recombinant hypoallergens were developed [31,90 & ].
Allergen-specific immunotherapy with second generation recombinant hypoallergens
Second generation recombinant hypoallergens are based on hypoallergenic and/or nonallergenic peptides with a length of approximately 20-40 amino acids, which are derived from the IgE-binding sites of allergens, and which are rendered immunogenic by coupling to a per se non-allergenic carrier protein [91, 92] . Originally, we have suggested this approach as one possibility for construction hypoallergenic AIT vaccines [93] and demonstrated that one can covalently couple nonallergenic allergen peptides chemically to carrier molecules, such as Keyholelimpet hemocyanin to obtain a vaccine, which will induce upon immunization allergen-specific IgG antibodies, which block allergic patient's IgE binding to the allergen and block allergen-IgEmediated basophil activation [94, 95] . In order to obtain a generally applicable method for the production of peptide carrier-based AIT vaccines suitable for large-scale GMP production, we developed recombinant peptide carrier-based vaccines, which are based on recombinant fusion proteins consisting of a nonallergenic carrier protein fused to nonallergenic allergen-derived peptides to induce blocking IgG antibodies with T-cell help from the carrier thus reducing allergen-derived T-cell epitopes in the vaccine [96, 97] . As carriers we used viral proteins because they would induce eventually also a protective virus-specific immune response that would be rather beneficial for the patient and not harmful [98] . The grass pollen allergy vaccine BM32 consisting of four recombinant fusion proteins including hepatitis B-derived PreS fused to nonallergenic peptides of the four major timothy grass pollen allergens [99] showed an excellent safety profile, induced robust allergen-specific blocking IgG responses with few injections and had good clinical efficacy (Tables 1 and 2) [100-102,103 && ]. Interestingly, BM32 induced also IgG responses, which block hepatitis B infection of liver cells in vitro [104] and the component BM325 is currently being evaluated in a clinical trial for vaccination against hepatitis B (NCT03625934). The concept of using PreS-bound allergen-derived peptides for the development of AIT vaccines seems to be broadly applicable for all allergen sources. Importantly, PreS-based allergy vaccines do not boost allergen-specific IgE responses, and therefore may be very useful for prophylactic allergy vaccination [101,103 && ].
Passive allergen-specific immunotherapy with recombinant allergen-specific antibodies
The classical study by Cooke et al [105] . in 1935 demonstrated that the transfer of allergen-specific IgG from AIT-treated patients into nonallergic individuals can suppress passively transferred cutaneous allergen sensitivity. Several in-vitro studies showed that allergen-specific blocking IgG antibodies can suppress allergen-induced basophil and mast cell activation as well as IgE-facilitated allergen presentation and T-cell activation [106] [107] [108] In addition, experimental animal studies indicated that the administration of allergen-specific IgG can reduce allergic symptoms. The assumption that allergenspecific IgG-blocking antibodies are a major mechanisms of successful AIT was corroborated recently by a clinical trial, which showed that the passive administration of human monoclonal IgG-blocking antibodies specific for the major cat allergen Fel d 1 suppressed strongly symptoms of cat allergy in a double-blind, placebo-controlled exposure chamber study [62 && ].
ALLERGEN-SPECIFIC FORMS OF PREVENTION ARE ON THE HORIZON
The importance of allergen-specific prevention
Several studies monitoring the evolution of IgE sensitization to allergen molecules in birth cohorts have demonstrated that children often start with a clinically silent IgE sensitization and then progress to develop mild and later on in life, more severe symptoms [5] [6] [7] [8] 9 && ]. It is, thus, logic to consider early intervention and prevention strategies for early allergy prevention [21, [109] [110] [111] [112] . In fact, several clinical studies based on allergen-specific strategies have been conducted with the goal to prevent the development allergic disease and/or its progression from mild-to-severe manifestations. In this context, the PAT studies should be mentioned, which indicated that early AIT can prevent the progression from rhinitis to asthma [113] [114] [115] . Likewise, it has been shown that early introduction of food allergens, such as peanut allergens into the diet, presumably via a mechanism of early oral immunotherapy (OIT), may prevent the development of food allergy [116,117 & ]. Furthermore, SLIT studies have been performed in children with natural allergen extracts with the goal to prevent the progression from silent IgE sensitization to the development of allergic symptoms [19, 20, 118, 119] ; however, the results have not been conclusive.
Can allergen-specific prevention be realized with allergen extract-based technologies?
We think that AIT with natural allergen extracts for prevention of allergy in a primary or even secondary preventive approach will be very difficult. First of all, the quality of natural allergen extracts is a major hurdle. Currently, manufacturers of AIT products struggle to fulfill the requirements for quality and documentation of allergen extract-based AIT products set by authorities and it is unclear how many of these products can be maintained in the market [25] . Second, administration of natural allergens and in particular sublingual administration of natural allergens has been shown to strongly boost allergen-specific IgE responses [120] . Thus natural allergens may eventually induce allergic sensitization whenever administered to not yet sensitized in individuals or boost the allergic IgE responses in individualss with only clinically silent IgE sensitization to increase and eventually lead to the development of symptoms. We, therefore, suggest to consider defined hypoallergenic recombinant allergen derivatives for preventive AIT because they represent defined substances with proven reduced allergenic activity [21, 22] .
Preventive vaccination with recombinant hypoallergenic allergen derivatives
Big advantages of recombinant hypoallergenic derivatives for a potential use in preventive AIT approaches are that they represent defined molecules with known properties, which can be produced under GMP conditions in a reproducible manner [21,22,121 & ,122] . In fact, hypoallergenic allergen derivatives have already been used for immunization in nonallergic individuals in two small clinical trials [123,124 && ]. In a recently published double-blind, placebo-controlled study, it could be shown that vaccination with recombinant hypoallergenic fragments of the major birch pollen allergen, Bet v 1 induced IgG antibodies in nonallergic individuals, which could block IgE binding of birch pollen allergic patients to Bet v 1 [124 && ]. Thus these derivatives should be useful for preventive vaccination because they induce a protective IgG response. In this context, it should be mentioned that another study provided evidence that maternal allergen-specific IgG may prevent against allergic sensitization in the offspring [125 && ]. Children from mothers containing high levels of allergen-specific IgG did not develop IgE sensitizations against these allergens when followed up to the age of 5 years [125 && ]. One may, therefore, speculate that it may be possible to increase the levels of allergen-specific IgG in pregnant women by AIT with hypoallergenic allergen derivatives to prevent the development of allergic sensitization in the offspring.
Allergen-specific antibodies for prevention
In addition to vaccination of pregnant mothers with hypoallergenic allergen derivatives, one may consider to increase the levels of allergen-specific IgG antibodies by passive immunization of mothers with allergen-specific IgG antibodies [21] . Several studies performed in experimental animal models demonstrate that passive immunization of mothers or of the off-springs early in life can prevent subsequent allergic sensitization [126] [127] [128] [129] . In fact, the study performed by Orengo et al. [62 && ] showed that human monoclonal allergen-specific IgG antibodies can be developed as a biological treatment for allergy and one can, therefore, envisage that such therapeutic antibodies could be also used for the prevention of allergy.
Tolerance induction with synthetic T-cell epitope-containing allergen peptides
Although AIT with peptides containing allergenspecific T-cell epitopes was so far not successful, peptides may be considered for the induction of preventive T-cell tolerance [22] . One possibility to induce prophylactic allergen-specific tolerance is oral tolerance induction shortly after birth [22] . This possibility is discussed in the context of early studies showing effective prophylactic oral tolerance in experimental animal models [22, 130] . However, also systemic administration of tolerogenic peptides may be considered as a prophylactic strategy for allergy as it is already considered for other hypersensitivity diseases [131] .
Tolerance induction with stem cell-based technologies
The administration of hematopoetic stem cells expressing transplant antigens, autoantigens and allergens for long-lasting prophylactic tolerance induction has been successfully demonstrated in experimental animal models [132] [133] [134] [135] [136] . Such a stem cell-based prophylactic approach may be feasible for allergy because the molecular structures and sequences of the most important allergens are known and it should be technically feasible to prepare constructs for the transformation of hematopoetic stem cells obtained from cord blood to be introduced into newborns for tolerance induction. However, additional major hurdles need to be overcome. For example, it will be necessary to develop methods for expression of the antigens on the stem cells, which are well tolerated. Furthermore, suitable protocols for stem cell transplantation need to be developed, which are not immunosuppressive.
CONCLUSION
AIT is an extremely effective, inexpensive and the only disease-modifying therapy for allergy. Moreover, AIT can be used for specific prophylaxis. However, the further development of AIT is severely hampered by the quality of natural allergen extracts and can only be achieved with molecular AIT strategies. Most of the disease-causing allergen molecules have been identified and several molecular forms of AIT have been developed, which have the potential to revolutionize AIT and eventually allergen-specific prevention. However, resources are needed to develop the new molecular approaches in clinical trials to become available in daily allergy care. Clinical studies performed with molecular approaches indicate that the success of AIT depends strongly on the induction of allergen-specific IgG antibodies, which inhibit allergic patient's IgE binding to the allergen and consecutive immediate and late phase allergic reactions. Moreover, it has been recently shown that passive immunotherapy with recombinant allergen-specific human monoclonal IgG antibodies is effective in reducing allergic symptoms. Molecular AIT approaches, therefore, should induce allergen-specific IgG-blocking antibodies to be successful in clinical trials. AIT approaches, such as Tcell peptide therapy targeting only allergen-specific T cells without inducing allergen-specific IgG antibodies have so far not been successful; however, such approaches may have a high potential for prophylactic tolerance induction whenever given in early life. Further molecular approaches for prevention of allergy include preventive vaccination with recombinant hypoallergenic allergen derivatives, passive immunization with allergen-specific blocking antibodies and eventually stem cell-based therapy approaches. 46.
